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PreviewsSerotonin’s SOS signal
Neurotransmitters relay signals within the brain and to peripheral tissues, allowing communication between nerve cells.
New work from Liang et al. (2006) in this issue of Cell Metabolism reveals that, in C. elegans, serotonin functions during
conditions of stress through the well-characterized insulin/IGF-1 signaling pathway, suggesting a mechanism for the stress
response.Organisms are confronted with a variety
of stresses on a daily basis. How an
organism deals with or adapts to this
stress is the focus of much research. To
address this issue, Liang et al. (2006)
turned to the nematode Caenorhabditis
elegans to study the neurotransmitter se-
rotonin, which has been linked to anxiety
and stress. The relatively simple nervous
system ofC. elegans (only 302 neurons in
total) and the abundance of molecular
and genetic tools allow for mechanistic
insight into complex molecular con-
nections. Additionally, since C. elegans
normally lives deep in the soil, life con-
sists of searching for optimal growth con-
ditions, and changes in temperature or
food supply are considered stressful
conditions. Liang et al. cleverly use
C. elegans to explore the underlying
mechanisms of stress since changes in
temperature and food are easily testable
in this system and the serotonin signaling
pathway is well studied (Horvitz et al.,
1982; Schafer et al., 1996; Sze et al.,
2000).
Since its discovery more than 50 years
ago, serotonin (5-hydroxytryptophan;
5HT), has emerged as a central neuro-
transmitter in the control of many func-
tions, including anxiety, appetite, and
mood. Serotonin is made through an
enzymatic pathway where L-tryptophan
is converted to L-5-tryptophan (L-5HT)
by the enzyme tryptophan hydroxylase
(TPH) and then converted to serotonin/
5-hydroxytryptophan by an aromatic
L-amino acid decarboxylase. Prior work
has established that there is a single
tryptophan hydroxylase gene, tph-1, in
C. elegans (Sze et al., 2000). Serotonin
has been linked to a variety of processes;
mutants in tph-1 show defects in egg lay-
ing and in pharyngeal pumping, which
controls the rate of food intake (Sze
et al., 2000). Food intake is one of three
modulators in nematodes (pheromone
and temperature being the other two)
that define whether wild-type worms
grow normally or enter an alternativeCELL METABOLISM 4, 415–424, DECEMBER 2developmental stage and form a dauer.
Dauer larvae are nonfeeding and nonrep-
roducing and store large amounts of fat
(Kenyon, 2005; Mukhopadhyay et al.,
2006; Baumeister et al., 2006). Interest-
ingly, mutants in tph-1 also show an ex-
tension of life span, increased fat stor-
age, and increased dauer formation
(Sze et al., 2000). Importantly, all of these
phenotypes overlap with those observed
in worms bearingmutations in the insulin/
IGF-1 signaling (IIS) pathway (Kenyon,
2005; Mukhopadhyay et al., 2006; Bau-
meister et al., 2006).
The IIS pathway is central to regulation
of life span, metabolism, and the stress
response (Baumeister et al., 2006). The
C. elegans IIS pathway consists of a re-
ceptor, encoded by daf-2, that signals
though a PI3-kinase cascade that ulti-
mately regulates DAF-16, the C. elegans
FOXO homolog, through phosphoryla-
tion by the upstream protein kinase AKT
(AKT1/2). Phosphorylation of DAF-16
sequesters it in the cytosol. In contrast,
in the absence of ligands or when any
of the upstream kinases or the receptor
in this pathway is mutated, DAF-16
becomes dephosphorylated and trans-
locates to the nucleus, where it binds to
and transactivates/represses numerous
target genes involved in life-span regula-
tion, stress response, dauer formation,
and metabolism (Kenyon, 2005; Mukho-
padhyay et al., 2006; Baumeister et al.,
2006).
A null mutation of daf-16 slightly
shortens life span and completely sup-
presses life-span extension caused by
mutations in theupstreamcomponentsof
the IIS since there is no DAF-16 to enter
the nucleus (Kenyon, 2005). Similarly, the
life-span, development, and fat-storage
defects in worms bearing a loss of
tph-1 are also suppressed by daf-16
mutation (Sze et al., 2000; Ashrafi et al.,
2003). A further connection between
neuronal signaling and IIS was revealed
by studies showing that IIS pathway
is required in the nervous system for006 ª2006 ELSEVIER INC.normal life span and development
(Kenyon, 2005; Mukhopadhyay et al.,
2006; Baumeister et al., 2006).
To further explore the connections be-
tween serotonin signaling and IIS, Liang
et al. (2006) took advantage of a well-
characterized DAF-16::GFP strain where
under normal growth conditions, DAF-
16::GFP is cytosolic but under conditions
of stress or partial inactivation of the IIS
pathway, DAF-16::GFP becomes nu-
clear. Surprisingly, when the tph-1 gene
was placed in combination with DAF-
16::GFP, there was enhanced nuclear
accumulation of DAF-16 in both neuronal
and nonneuronal cells, similar to what is
observed in mutations in the IIS pathway
(Kenyon, 2005; Henderson and Johnson,
2001). The investigators next expressed
tph-1 in a subset of serotonergic neu-
rons. C. elegans larvae produce 5HT
primarily in two distinct bilaterally sym-
metrical neurons, the NSM and the ADF
(Horvitz et al., 1982; Schafer et al.,
1996) (Figure 1). There are significant dif-
ferences between these neurons since
the NSM neurons are neurosecretory
while the ADF neurons are chemo-
sensory. To observe the contribution of
these different neurons pairs, worm
strains bearing a tph-1 mutation and the
DAF-16::GFP reporter as well as a trans-
gene expressing the tph-1 cDNA in either
ADF or NSMwere examined. 5HT signal-
ing from the ADF chemosensory neuron
was the main site for DAF-16 nuclear ac-
cumulation since changes in the nuclear/
cytoplasmic distribution were only seen
when tph-1was restored in the ADF neu-
rons; this process also involved the TPRV
channel OCR-2.
To further confirm the direct role of
serotonin in DAF-16 nuclear/cytoplasmic
distribution, Liang et al. (2006) show
that application of exogenous 5HT to
tph-1mutants can significantly suppress
nuclear DAF-16 accumulation. Addition-
ally, applying 5HT to daf-2 mutants,
where all the DAF-16 is nuclear, had no
effect on DAF-16 subcellular localization,415
P R E V I E W SFigure 1. Serotonin signaling mediates the stress response through the IIS pathway in C. elegans
Two sets of bilaterally symmetrical neurons, ADF and NSM, in the nematode C. elegans are shown. ADF sends
projections to the tip of the nose as shown. Data from Liang et al. (2006) suggest the importance of the chemo-
sensory ADF neurons in control of stress. Worms sense changes in food conditions as well as stress through
the ADF chemosensory neuron. These alterations feed into the serotonin pathway whereby tph-1 signals to
affect release of an as yet unidentified insulin/IGF-1 ligand. This ligand then binds to the daf-2 receptor to
regulate translocation of DAF-16 into the nucleus. In the presence of ligand, DAF-16 is phosphorylated by
the upstream AKT kinase and prevented from entering the nucleus to transactivate/repress target genes that
control stress response, dauer formation, fat storage, life span, and innate immunity. Conversely, mutations in
tph-1 or genes in the IIS pathway result in unphosphorylated DAF-16, which can then freely enter the nucleus.suggesting that 5HT signaling is one of
the regulatory signals that control the
DAF-2 signaling pathway (Figure 1).
Mutations in any of the genes in the IIS
pathway as well as exposure to a wide
variety of external stresses (including
thermal, oxidative, and UV) result in
nuclear translocation of DAF-16 (Hender-
son and Johnson, 2001). Therefore, tph-1
mutants were examined for resistance to
stress. tph-1 mutants, in addition to pro-
moting DAF-16 nuclear accumulation,
also show increased thermotolerance.
Since serotonin was linked to the food
signal, Liang et al. (2006) examined the
effects of starvation, which also results
in nuclear DAF-16 accumulation (Liang
et al., 2006; Henderson and Johnson,
2001). Starvation also promotes further
nuclear accumulation in tph-1 mutants.
Additionally, applying 5HT or fluoxetine
to WT animals during food deprivation
attenuates the response. Interestingly,416worms bearing a deletion in the 5HT
reuptake transporter MOD-5 show resis-
tance to the starvation-induced nuclear
accumulation, suggesting that misregu-
lation of the serotonergic signaling path-
way disrupts adaptation to starvation.
Taken together, these findings indicate
that the starvation response is still intact
in mutants that lack serotonin but that
misregulation of serotonin interferes
with this response. It is also possible
that, although tph-1 mutants do not
show serotonin by antibody staining,
there may be traces of serotonin that
are available to mediate the response
or that other neurotransmitters are ad-
ditionally involved in the starvation
response. However, Liang et al. also
show that, within minutes of feeding fol-
lowing starvation in WT animals, DAF-
16 nuclear accumulation is reversed,
while in tph-1 mutants, DAF-16::GFP
lingers in the nucleus for some time.Using the serotonergic neuron-specific
restoration method, they show that
the refeeding change in DAF-16 is medi-
ated in ADF and not the neurosecretory
NSM.
Finally, Liang et al. (2006) further inves-
tigate the serotonergic input into the IIS
by examining other stress phenotypes
related to IIS, such as effects on oxida-
tive stress and immunity. Altogether, the
authors find a new function for serotonin
in the regulation of stress through the IIS
pathway (Figure 1). Prior work had sug-
gested that neurotransmitters probably
modulate the IIS pathway upstream of
daf-2 since several genes, including
unc-64 (mammalian syntaxin), unc-13
(mammalian mUNC-13), and unc-18
(mammalian mUNC-18), which are in-
volved in synaptic vesicle fusion during
synaptic transmission, have been identi-
fied upstreamof daf-2 (Ailion et al., 1999).
Therefore, it is possible that serotonin
signals to unc-64, unc-18, and unc-13
for release and that this in turn may affect
release of the insulin-like ligand that
binds DAF-2. Another possibility is that
both serotonin and the DAF-2 ligand are
coordinately released from the same
neuron. Recent studies suggest the latter
may be correct and occur in the ADF
neuron (Estevez et al., 2006). How these
connections are actually happening in
the context of a whole organism remains
unanswered, and the new link between
stress, serotonin, and IIS brings new
questions. In particular, understanding
how a neuronal signal ultimately sends
messages to the rest of the animal to
cause changes in development or re-
sponses to stress still needs to be deter-
mined. For now, C. elegans has provided
a new link for how serotonin signals.
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in peripheral organs (Kim et al., 2004).
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Also, FFAs activate IKK/NF-kB, and Yuan
and Shoelson (Yuan et al., 2001) showed
that salicylate-mediated inhibition of IKK
attenuates lipid-induceddefects in insulin
signaling and insulin resistance. Their
findings present a molecular explanation
to the earlier observations of Williamson
andReid. Lastly, Hirosumi andHotamisli-
gil (Hirosumi et al., 2002) reported that
c-Jun amino-terminal kinases (JNKs),
which are activated by inflammatory cy-
tokines and lipids, impair insulin signaling
and mediate obesity-associated insulin
resistance. Together, the findings support
the triangular relationship between obe-
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In the article of Shi and Flier (Shi et al.,
2006), the investigators present Toll-like
receptor 4 (TLR4) as the link between in-
nate immunity, lipid, and insulin resis-
tance. Toll-like receptors, a family of
pattern-recognition receptors, play an
important role in the innate immune sys-
tem, and the authors show that TLR4 is
expressed in many cell types including
macrophages, adipocytes, liver and
skeletal muscle. Binding of LPS to TLR4
recruits the adaptor protein myeloid
differentiation factor 88 (MyD88) which
leads to activation of NF-kB associ-
ated genes that encode inflammatory
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